Abstract. There is an increased demand for miniature/micro products (such as MEMS) and nanotechnology-based products (such as nano-materials). Micro-manufacturing is a link between Macro-and Nano Manufacturing and an effective means for transferring nanotechnology-product designs into volume production. The micro forming has the potential for low-cost, high volume manufacturing applications. In order to meet the high demands on miniaturised products, a rapid production technique and the system, high flexibility, cost-effectiveness and processing a wide range of materials are needed. Recently, a series of studies have been undertaken to investigate forming miniature/micro-components by using a combination of micro-forming and Electrical-field activated sintering (Micro-FAST).
Introduction
Zirconia (ZrO2) is one of the most favourable materials for a new generation of ceramics due to excellent mechanical properties. When compared to other ceramic materials, zirconia has unique strength at room temperature. Moreover, Zirconia has high fracture toughness, high density, high hardness and wear resistance, good frictional behaviour, high-temperature capability, nonmagnetic, low thermal conductivity, electrical insulation, the coefficient of thermal expansion similar to iron, and modulus of elasticity similar to steel. Nowadays, zirconia is being used widely in the production of many products, such as such as structural ceramics, dentistry, wear parts, ceramics bearings, etc.… [1] [2] [3] [4] [5] . Nowadays, there are high demands for micro-or miniature-components and there is a fast growth in its applications in several areas, such as automotive industry, telecommunications, biomedical industry, information technology and home-use electronics products. According to some market research, microelectromechanical systems (MEMS) market had a double-digit growth after 2010 and the estimation for MEMS market in consumer electronics grows at a compound annual growth rate of 19.8% during the forecast period 2009-2015 [6] [7] [8] . However, there still some challenges regarding the size-effect related issues, improving the quality of the product, delivering multimaterial processing capabilities, and addressing all of these with low-cost. Moreover, the manufacturing of micro-products with traditional manufacture techniques for micro-electronics (e.g., photolithography, deposition and etching processes) is not always suitable since only a limited range of materials can be handled with a particular process, while other manufacturing methods such as conventional sintering and metal-powder injection moulding would need longer process chains. Therefore, the non-traditional manufacturing technologies have been developed to improved productivity and economic effectiveness [6, 9] . The Electric Current Assisted Sintering (ECAS) or Field Assisted Sintering Technique (FAST) is one of the promising technologies that have been used widely these days. The FAST technology is a general term for a class of consolidation methods which combining external electric field/currents with mechanical pressure for powder sintering. Comparing with other sintering processes, such as pressure sintering or hot pressing, the FAST process has many benefits. This methods has faster heating rate, lower sintering temperature, shorter holding time, the consolidation of difficult-to-sinter-powders, the elimination of the need of sintering aids, no need of cold compaction, less sensitivity to the characteristics of the initial powders, and marked comparative improvements in the properties of the consolidated materials [10, 11] . Therefore, a novel process used to produce miniature/micro-parts directly from loose powder by combining (FAST) and Microforming, was developed to address the issues raised above and it called and called Micro-FAST. It has been proved that the Micro-FAST process is particularly appropriate for forming micro/miniature components due to using very high heating and cooling rates and is of high flexibility for processing different powder-materials. The process uses low voltage and high current density, pressure-assisted densification and synthesis technique, which render several significant merits. To-date, highquality parts and high process efficiency for forming with various powder materials have been achieved [12] [13] [14] 
Process Configurations and Tools
The target samples to be formed were designed as size of Φ 4mm x 4mm cylinders. The loose powders were weighted using a precision electric balance according to the calculated value (see Eq. 1) and directly filled into the die cavity.
m= ρ x V
(1) Figure 1 Illustration of the Micro-FAST process for the forming of miniature/micro-components [12] Fig . 1 shows the principles of the micro-FAST process is being illustrated. The closed die and punch set with filled powder was then placed horizontally between two electrodes on the Gleeble 3800 machine as shown in figure 2 . The Gleeble-3800 thermal simulation machine controls the heating process with a computer-controlled system which is able to pre-set a value of the heating rate, and the accuracy of the temperature control is within ±3 °C. The electric field that has been produced by the machine has low voltage (3~10 Volts) and high current (3000~30000A). By applying an external pressure and electrical-field through both punches, the Joule heat induced in a powder material and/or the die by the high electric current, plus possible electric plasticity in the powder material, could enable a combination of powder sintering and forming and hence, produce near-net-shaped micro-products within short time. The process parameters such as pressure, heating rate, temperature and time are input through a computer-based interface employing QuikSim Software. The thermocouple was used for measuring the real-time temperature and giving a feedback to the computer system. The temperature and pressure were maintained for a given period of time, in order to consolidate the powder and gain a high-density solid part. This process can produce high-quality components with required structures and functionalities, through appropriate process design and control, with less or no restrictions on the rawmaterial types and the microstructures, including the use of nano-alloys.
Experimental Procedures
Zirconia (ZrO2) powder with an average particle size of <50 μm was used for experiments. The theoretical bulk density for the used powder is 5.92 g/cm³. The received powders were sufficient and ready to make up a sample with the size of Φ 4.0mm×4.0mm (solid cylinders). The experiments were conducted with a variation of different key parameters, such as pressure, heating rate, maximum temperature and holding time. The loose powders were weighted prior to being fed into the graphite dies (see figure 3 ). The graphite cylindrical dies and punches were designed and manufactured for the experiments to form 4.0mm×4.0mm and examine the formability of the material and to improve the operating parameters. A small hole has been set in the middle section of the die, in order to measure the temperature using the thermocouple. As mentioned, the pre-determined process parameters (pressure, heating rate, sintering/forming temperature and time) were set through the machine interfaces. Upon starting a program, a constant pressure was applied onto the powder through applying a force onto a punch, while the powder and die were heated up through a high density AC current passing through the powder and/or the die/tool-component, until the desired temperature was reached and the heating cycle completed. The temperature and pressure may be maintained for a given period of time for forming and densification, which was controlled by closed-loop control facilities. The ZrO2 material has a very high melting-point and low electric conductivity. Therefore, the sintered temperature that has been set for the experiment was between 1100ºC and 1400 ºC with a heating rate of 50ºC/s. Figure 4 shows the steps and the sequence of the sintering process of ZrO2 powder. At the beginning of the process, there was a gap between the punches and die. The gap decreased steadily during the heating period as the temperature increased. It can be shown that the gap gone during the temperature holding period which shows an ideal current flow. It is worth mentioning that the temperature distribution indications a high uniformity during the whole sintering process irrespective of whether or not the gap disappeared. Figure 5 shows the corresponding time-dependent stroke and sintering temperature were achieved with the Gleeble 3800 output setup. The graphs show the setting temperature, the actual temperature and the stroke versus the time during the forming process. In terms of temperature control, it can be seen from the curves that the actual temperature almost matches the setting temperature with only a small delay, from the beginning of the process. Once the stetting temperatures gained, the actual temperatures remain stable without any deviations. Moreover, matching with the applied pressure, the stroke curves decrease constantly: good material flow can be detected as soon as the force is applied. When the maximum temperature is achieved, it can be noticed there is a steep drop in the curve. Then, during the holding time, the stroke has no obvious changes, which means that the compact of the powder can be accomplished rapidly after the powder reaches maximum temperature. Nevertheless, the stroke changes during cooling stage, due to the shrinkage of the part that has been sintered. Comparing with the other sintering methods for ceramic powders [9] , Micro-fast sintering cycle with maximum sintering temperature of 1300°C is considered as a fast process. 
Results and Discussion
The formed samples were examined carefully using the following methods: the sample geometry morphological measurement, calculating the relative density by the Archimedean approach, and microstructural observation under SEM. All experiment of ZrO2 powders have been successfully formed into solid cylindrical components. As shown Table 1 , the highest relative density of 96.91%. It can be predicted that the ZrO2 powders sintering process can be improved by optimising the process parameters, such as by increasing the sintering temperature and holding time. The formed samples are very good and strong and it not easy tobreak it. The formed samples were found to have similar dimensions with the design of the dies (Φ 4.0mm×4.0mm) (see figure  6 ) Figure 7 shows the microstructure and the morphology of ZrO2 -3 sample. The formed samples are very good and strong look very good and shiny. The microstructure of sample shows a really good surface and there are no pores.
The EDS results showed an existence of carbon in the samples. This is might be due to using graphite die and punches where the carbon at the punch and die wall can penetrate into the sample during the sintering process. As a result, it is difficult to achieve a formed sample that is 100% free of any contamination by other elements such as carbon when graphite dies and punches are used. For the hardness test, the nano-indentation is used for the for the formed ZrO2 -3 sample, 100 indentations were made on the sample: 10 in the sintering neck area and 10 in the particle centre (Fig. 8 ) It was found that the average Nano-hardness at the sintering for a Zirconia sample was 13.76 GPa. It is shown that the similar hardness values were found at both, the centres of the particles and necks, which indicates that good bonds among the particles had been formed. Table 2 shows the full datails of the average values for nano-hardness test that has been made using Nanoindintation approach. 
Conclusions
The work conducted in this paper demonstrated that the capability of the Micro-FAST as a rapid process for the forming of micro/miniature-components. In general, Zirconia materials can be sintered successfully at a relatively low sintering temperature and sintering time. The Micro-FAST provides an effective alternative to other technologies. The sintered micro-parts were assessed on morphology, relative density, microstructures and mechanical properties, which showed good quality having been reached. Comparing the Micro-FAST to other conventional sintering processes and some micromanufacturing processes, it can be shown that the micro-FAST has several advantages over other processes/technologies. Moreover, it can be suggested as a promising micro-manufacturing technology.
The challenges that face this process and its engineering applications mainly concern tool-design and process awareness in environment of the industry. These are being addressed by the EU Micro-FAST consortium.
Future work will be focussed on the investigation of influential sintering parameters in order to optimise the process, raise its repeatability and increase the quality of the parts to be manufactured.
